both in extracts and media, as expected from the knowledge that RAP is ER-resident and that Tg is secreted. Regardless of whether cells were transfected with mTg alone or were co-transfected with hRAP, similar proportions of the total Tg synthesized were detected in cell extracts and media. Conclusions The intracellular retention of Tg in the absence of RAP is likely due to its premature interaction with megalin, whereas RAP does not seem to affect Tg secretion directly.
Introduction
The low-density lipoprotein (LDL) receptor-associated protein (RAP) is an intracellular, endoplasmic reticulum (ER)-resident protein, which plays a major role as a molecular chaperone for several members of the LDL receptor family [1, 2] , including megalin, also known as LRP2 [3] . RAP and megalin are expressed in the same cell types, and the absence of RAP results in megalin unfolding and intracellular retention of the receptor within the ER, with a marked reduction of its expression on the apical cell membrane, its usual and most common location [1] [2] [3] [4] [5] [6] .
Both RAP and megalin are synthesized and expressed by thyroid epithelial cells (TEC) in a TSH-dependent manner [7, 8] . Megalin is expressed on the apical surface of TEC, directly facing the colloid [9] , where it serves as an endocytic receptor for the thyroid hormone precursor thyroglobulin (Tg) [7, 10, 11] . Once synthesized by thyrocytes, Tg is secreted into the follicle lumen where it undergoes hormone formation by iodine coupling of its tyrosyl residues [11] . Hormone-rich Tg molecules proceed further into the
Abstract
Objective The low-density lipoprotein receptor associated protein (RAP) is expressed by thyroid epithelial cells (TEC) in a TSH-dependent manner. In the thyroid RAP functions as a molecular chaperone for the thyroglobulin (Tg) endocytic receptor megalin/LRP2, which is retained intracellularly in RAP KO mice rather than being expressed on the apical membrane of TEC, its usual location. RAP binds also to Tg, which is also retained intracellularly in RAP KO mice, thereby suggesting a role of RAP in Tg secretion. Here we investigated whether Tg intracellular retention in the absence of RAP is due to premature Tgmegalin interactions during the biosynthetic pathway or to a direct action of RAP on Tg secretion. Methods We performed immunoprecipitation experiments in thyroid extracts from RAP KO and WT mice. In addition, we investigated Tg secretion in COS-7 cells cotransfected with human RAP (hRAP) and mouse Tg (mTg). Results An anti-megalin megalin precipitated greater amounts of Tg in thyroid extracts from RAP KO than from WT mice, suggesting increased intracellular interactions between megalin and Tg in the absence of RAP. COS-7 cells transiently transfected with hRAP, mTg or both, expressed the two proteins accordingly. RAP was found almost exclusively in cell extracts, whereas Tg was found follicle, arranging into aggregates that form the colloid, or, alternatively, they undergo proteolytic cleavage, resulting in hormone release [11] . Tg enzymatic digestion occurs especially within lysosomes, which follows fluid phase micropinocytosis of Tg by thyrocytes [11] . To a minor extent, Tg is degraded within the follicle lumen as a consequence of the action of extracellular proteases [12] . Colloidal Tg is quite heterogeneous concerning its hormone content and hormone-poor Tg molecules bind to megalin preferentially, following which they undergo apical-to-basolateral transcytosis to be finally transported nearly intact into the bloodstream [10, 11] . Overall, megalin-mediated transcytosis of Tg renders hormone release more effective, as it prevents lysosomal engulfment and wasteful transcytosis of hormone-rich Tg molecules [10] . Thus, megalin deficient mice are hypothyroid [13] . Whether this occurs also in humans is unknown, as thyroid function in Donnai-Barrow syndrome, the human counterpart of megalin deficiency [14] , to our knowledge has not been investigated.
As expected, in the absence of RAP megalin expression in thyrocytes is markedly altered [15] . Thus, in RAP KO mice megalin is retained intracellularly and it is virtually absent on the apical membrane [15] . The thyroid phenotype of RAP KO mice is characterized by subclinical hypothyroidism and histological features of goiter [15] , which could be easily attributable to the absence of megalin on the cell membrane. However, the picture is more complex as RAP binds not only to megalin, but also to Tg [16] , which in RAP KO mice is also retained intracellularly [15] . In addition, transient transfection of differentiated rat thyroid cells with a secretory RAP-Ig chimera devoid of the ER retention sequence results in impaired Tg release into the cell medium [17] . Thus, RAP seems to be involved also in the Tg biosynthetic pathway. Nevertheless, the molecular mechanisms responsible for the reduced Tg secretion in the absence of RAP have not been elucidated. Because of the ability of RAP, megalin and Tg of binding to each other, Tg intracellular retention in the absence of RAP may reflect defective RAP chaperoning, but also premature intracellular binding of Tg to megalin within the biosynthetic pathway, which we investigated here.
Materials and methods

Experimental animals
Six (three female and three male) 9 week old RAP KO mice (B6.129S7-Lrpap1 tm1Her ) and 6 (three female and three male) 9-week-old WT mice (Lrpap1) were purchased from Jackson Laboratories (Bar Harbor, ME). Animal care and sacrifice procedures were in accordance with institutional guidelines. The thyroid glands were harvested at sacrifice and then stored at −80 °C for preparation of tissue extracts.
Tissue extract preparation and analysis
Tissue samples were washed, minced and homogenized. Samples were then incubated in lysis buffer [50 mM Tris pH 8.6, 0.5 M NaCl, 10 % Triton X-100, 0.01 % deoxycholate, 20 mM EDTA, 0.2 % NaN 3 and 10 % protease inhibitor cocktail solution (Roche Diagnostics, Mannehim, Germany)] and spun for 30 min at 10,000×g. Supernatants were collected and briefly sonicated. Protein concentrations were measured with the Bradford method.
Co-immunoprecipitation experiments were performed by incubating tissue extracts with protein A beads coupled with previously described rabbit anti-megalin or anti-RAP antibodies [7, 9] , or with normal rabbit IgG (Sigma, St. Louis, MO). Beads were washed and resuspended in nonreducing Laemmli buffer. Samples were boiled, spun down, and supernatants were subjected to Western blotting for Tg, as detailed below.
Transfection experiments
COS-7 cells (American Type Culture Collection, Rockville, MD) were cultured in 10-cm plates in Dulbecco's modified Eagle's medium containing 10 % Tg-free human serum. Serum was obtained from thyroidectomized patients following informed consent. Sera were tested for Tg by an immunometric assay (Immulite 2000, Diagnostic Products Corporation, Euro/DPC, Gwynedd, UK) and by Western blotting, as detailed below, and found not to contain any (not shown). Viability of cells cultured in medium containing human serum was similar to that of cells cultured in the presence of fetal bovine serum (not shown). Twenty-four hours before transfection, cells were detached from plates and seeded (150,000 cells/plate) onto 3-cm plates, allowing 70-80 % confluence within 24 h. The following, previously described, cDNA constructs were used for transfection, alone or in combination: (1) human RAP (hRAP) cDNA, cloned into a pcDNA3 expression vector [18] , kindly provided by Dr. Guojun Bu (Mayo Clinic, Jacksonville, FL); and (2) mouse Tg (mTg) cDNA, cloned into a pCB6 expression vector [19] , kindly provided by Dr. Peter Arvan (University of Michigan, Ann Arbor, MI). cDNAs, or cDNAs plus vectors, were transiently transfected into COS-7 cells using the diethylaminoethyldextran method [20] . Twenty-four hours after transfection medium was replaced with fresh medium, and 48 h after transfection media were collected and cell extracts were prepared as follows. Cells were washed with PBS, detached from plates with 0.5 mM EDTA in PBS, washed again with PBS, and then incubated with lysis buffer (1 % Triton X-100, 1 % deoxycholate in H 2 O) on ice for 1 h. Extracts were then spun for 10 min at 10,000×g, the pellets were discarded and the supernatants were collected. Cell media and extracts were analyzed by Western blotting for RAP and Tg, as detailed below. Cell extracts from untransfected cells were analyzed by Western blotting for megalin.
Western blotting
Samples were subjected to SDS-PAGE and blotted onto nitrocellulose membranes. Membranes were incubated with: (1) unlabeled rabbit anti-megalin antibody [9] , followed by horseradish peroxidase (HRP)-conjugated antirabbit IgG (BioRad, Hercules, CA); (2) HRP-conjugated mouse anti-Tg antibody (Dako Corporation, Carpinteria, CA); (3) biotin-labeled rabbit anti-RAP antibody, followed by HRP-conjugated streptavidin (Amersham, Freiburg, Germany); (4) unlabeled rabbit anti-actin antibody (Sigma), followed by HRP-conjugated anti-rabbit IgG. Bands were detected by ECL and their density was measured using ImageJ (National Institute of Health, Bethesda, MD).
Data presentation
Experiments with mouse thyroid extracts were performed in six mouse pairs. Transfection experiments were repeated five times. In all experiments either the same sample volumes or the same amount of protein (extracts) were used for comparisons. Results are always representative of at least three experiments. Numerical values are presented as mean ± SD.
Results
To investigate whether the intracellular retention of Tg previously observed in RAP KO mice [15] reflected premature megalin binding, we first performed co-immunoprecipitation experiments with thyroid extracts from RAP KO and WT mice. As shown in Fig. 1 , a rabbit antibody against megalin precipitated Tg in thyroid extracts from WT mice, which, in view of the knowledge that megalin is usually expressed on the apical membrane of thyrocytes [9, 15] , we interpreted as due to megalin-Tg interactions at that level. Tg was precipitated by the anti-megalin antibody also in RAP KO mice, in amounts that were greater than those precipitated in WT mice (mean band densities: 660 kDa Tg 101.8 ± 12.7 vs 31.5 ± 4.2 pixels/cm 2 in WT mice; 330 kDa Tg 82.4 ± 11.5 vs 41.3 ± 6.4 pixels/cm 2 in WT mice). We interpreted the findings as due to intracellular interactions between megalin and Tg, as only low amounts of the two proteins had been found previously on the cell membrane in RAP KO mice [15] . Thus, the results indicate an increased intracellular binding of Tg to megalin in the absence of RAP.
An alternative possibility to explain why Tg was retained intracellularly in RAP KO mice stemmed from the knowledge that RAP binds to Tg [16] . Thus, RAP may affect Tg secretion directly and, therefore, Tg retention in RAP KO mice may reflect the absence of Tg binding to RAP during the biosynthetic pathway. To investigate this possibility we performed immunoprecipitation experiments using a rabbit anti-RAP antibody. For this purpose we used thyroid extracts from WT and RAP KO mice containing the same amount of proteins. To assess whether this was actually the case, we measured actin and Tg by Western blotting in thyroid extracts to be subjected to immunoprecipitation. As shown in Fig. 2a (upper panel) , extracts contained a similar amount of actin. Similarly, extracts contained similar amounts of Tg (Fig. 2a mid panel) . As shown in Fig. 2a (lower panel) , the anti-RAP antibody precipitated Tg in thyroid extracts from WT mice, thereby confirming the interaction between RAP and Tg. In contrast and as expected, the anti-RAP antibody did not precipitate Tg in RAP KO mice.
To investigate whether RAP affects Tg secretion directly, we performed transient transfection experiments using an mTg cDNA, alone or co-transfected with a hRAP cDNA. For this purpose, we used COS-7 cells, which, as determined by Western blotting, were found not to express megalin (Fig. 2b) , RAP, and Tg (Fig. 2c) . When COS-7 cells were transiently transfected with hRAP, mTg or both, the proteins encoded were found to be expressed accordingly (Fig. 2c) . hRAP was found almost exclusively in cell extracts, whereas Tg was found both in extracts and media (Fig. 2c) , as expected from the knowledge that RAP is an ER-resident protein and that Tg is a secreted protein [2, 3] . Regardless of whether cells were transfected with mTg alone or were co-transfected with hRAP, similar proportions of the total Tg synthesized were detected in cell extracts. In Fig. 2d the mean pixel densities of the Tg bands in transfection experiments are reported. Of the total Tg synthesized (estimated by summing the pixel densities of the Tg band in extracts and culture media), ~30 % was found in media, both in cells transfected with mTg alone and in cells cotransfected with mTg plus hRAP. Thus, the extract/medium ratio was not affected by the presence of RAP (Fig. 2e) . Based on these findings, we concluded that RAP does not affect Tg secretion directly and that, therefore, the intracellular retention of Tg in RAP KO mice was more likely due to its premature interaction with megalin. Overall, the total amount of Tg synthesized appeared to be greater in COS-7 cells transfected with mTg alone than in those transfected with mTg plus RAP. Because we obtained similar results by co-transfecting COS-7 cells with Tg plus unrelated genes (not shown), we concluded that this was a nonspecific effect of co-transfection and it was not due to RAP.
Discussion
Biosynthesis of Tg is a rather complex process, in part because of its relatively large size and high degree of glycosylation, in part because it requires a complex interplay of proteins [21, 22] . Nascent Tg molecules achieve their mature three-dimensional structure and proceed across the secretory pathway, during which they interact concurrently and sequentially with several ER-resident molecular chaperones [21, 22] . Most of the deletions or mutations of the Tg gene that have been reported result in intracellular retention and reduced secretion of the prohormone into the follicles, possibly because of impaired interactions of Tg with its chaperones [23, 24] . Among putative chaperones, we have previously demonstrated that the LDL receptor associated protein RAP is involved in Tg secretion from the thyrocyte to the follicle lumen. RAP binds to Tg in solid-phase assays with moderately high affinity, in a calcium-dependent and saturable manner [16] . In addition, RAP binds to a native carboxylterminal 230-kDa Tg polypeptide, indicating that RAP binding sites of Tg are located in the carboxyl-terminal portion of the molecule [16] . Evidence of RAP binding to Tg was also obtained also in vivo and in cultured thyroid cells. Thus, anti-RAP antibodies precipitated intact Tg from thyroid (as also shown here) and FRTL-5 extracts [16] . In another study, we investigated Tg secretion by FRTL-5 cells transfected with a soluble RAP chimera, as a mean for interfering with endogenous RAP [17] . We used a RAP-human IgG Fc (RAP-Ig) chimeric cDNA, which was designed to exclude the ER retention sequence of the protein and to allow generation of a secreted form of RAP. Cells transfected with RAP-Ig secreted lower amounts of Tg than cells transfected with an unrelated gene, supporting the conclusion that RAP is required for Tg secretion [17] . The ultimate demonstration that RAP actually affects Tg secretion came from RAP KO mice, which were found to have a marked reduction of the content of Tg in thyroid follicles, whereas much of the Tg synthesized by thyrocytes was retained intracellularly [15] . Serum TSH was increased in RAP KO mice, which also displayed histological features resembling early stages of goiter.
To explain intracellular retention of Tg in RAP KO mice we considered two possibilities. First, Tg may have been retained because of a premature interaction with megalin, which, in the absence of RAP, fails to reach the cell membrane and accumulates intracellularly [1] [2] [3] [4] [5] [6] . In support of this possibility, staining for megalin in the thyroid from RAP KO mice was previously found mainly intracellularly [15] . Here we found that an antibody against megalin precipitated Tg in thyroid extracts from RAP KO mice in amounts that were greater than those precipitated in WT mice. In view of the location of megalin and Tg in WT (the apical membrane and the colloid, respectively) and RAP KO (the cytoplasm) mice [15] , the findings indicate an increased intracellular binding of Tg to megalin in the absence of RAP, which supports a premature interaction between megalin and Tg during the biosynthetic pathway.
Second, Tg may have been retained intracellularly in RAP KO mice because of its impaired binding to RAP. This possibility implies that RAP may function as a true Tg molecular chaperone and affect Tg secretion directly, regardless of whether megalin is present in the same cells. However, we obtained evidence that this second possibility is unlikely, because in co-transfection experiments RAP did not affect Tg secretion in COS-7 cells, which do not express megalin. A similar situation, namely the presence of Tg and RAP in the absence of megalin, occurs in vivo in megalin deficient mice. In this regard, we have found that Tg secretion is normal in homozygous megalin deficient mice [13] , which parallels the results presented here in COS-7 cells.
Overall, our findings militate against the possibility that RAP is a true Tg molecular chaperone and suggest that, most likely, Tg retention in RAP KO mice is the consequence of its premature binding to megalin during the biosynthetic pathway. In theory, direct evidence for this could be obtained either by co-transfecting COS-7 cells with Tg and megalin, but not with RAP, or by transfecting cells that express megalin with Tg, but not RAP. A similar situation, namely the presence in the same cells of Tg and megalin, but not of RAP, should resemble RAP KO mice, and, therefore, Tg would be expected to be retained intracellularly. However, these studies are not feasible, because megalin cDNA is not available for transfections and also because virtually all cell types that express megalin also express RAP [1] [2] [3] [4] [5] [6] 9] . Another way to investigate this issue would be to cross RAP KO and megalin deficient mice, a situation (expression of Tg, but not of megalin and RAP) in which, as in COS-7 cells transfected with Tg alone, Tg secretion should be normal. However, also these experiments may not be feasible, as 98 % of homozygous megalin deficient mice die shortly after birth [25] and at least a similar proportion of RAP KO-homozygous megalin deficient mice would be expected to undergo the same fate. On the other hand, a RAP KO-heterozygous megalin deficient progeny would not serve the purpose, as heterozygous megalin deficient mice have a normal megalin expression in the thyroid [13] .
If RAP does not function as a true Tg molecular chaperone, it is not clear whether binding of Tg to RAP has any physiological role. One possibility is that RAP may prevent premature binding of megalin to Tg during the biosynthetic pathway by binding to both molecules. In this regard, RAP inhibits Tg binding to megalin [7, 26] , but to what extent this is due to RAP binding to megalin or to Tg is unknown.
